Introduction
============

Positron emission tomography (PET) is a high-performance molecular imaging technique widely used for clinical and pre-clinical investigations of several diseases due to its excellent sensitivity and limitless depth of penetration.[@b1-ijn-10-6293] PET has demonstrated significant potential utilities in oncology, neurology, and cardiology clinical applications.[@b2-ijn-10-6293] The potentiality of this nuclear imaging modality is due to the high sensitivity of the radiotracers, which are labeled by radioactive isotopes, such as radioactive halogens (F-18; Br-76, 77; I-124), carbon-11, and radioactive metals (Ga-68, Cu-64).[@b3-ijn-10-6293] Micro- or even picomoles of radiolabeled materials are usually sufficient for PET-image generation and thus the radiotracers will occupy only a minor part of the radio-pharmaceutics and have no pharmacologically relevant activity.[@b4-ijn-10-6293]

Following in vivo administration of the radiotracer, PET imaging is based on the coincident detection of two 511 keV γ-rays traveling at 180° to each other from their point of emission. These γ-ray pairs originate when the positrons from the nuclear decay of the radioisotope interact (annihilate) with electrons in the surrounding tissue.[@b5-ijn-10-6293] Since the positrons rapidly lose their kinetic energy, the point of γ-ray emission stays typically within a fraction of a millimeter around the location of the tracer molecules. To avoid radiation damage to the patient, common PET tracers have short half-lives (ie, approximately 20 minutes for ^11^C and 110 minutes for ^18^F). Consequently, the radioisotopes must be generated onsite and quickly administered to the subject before they decay. This requires at each hospital offering PET, huge and costly cyclotrons to produce most of the isotopes or specific generators (for ^68^Ga and ^82^Rb production).

On the other hand, despite the existence of a wide choice of PET radio-pharmaceutics, they suffer from many limitations including non-specificity and necessity of administration of relatively high radiation doses to the patients in order to produce sufficient contrast in the site of interest. Thus, the field of molecular imaging and PET urgently required the introduction of new PET imaging probes with high affinity and specificity for routine clinical use.[@b6-ijn-10-6293] While attaching highly specific antibodies to the tracer compounds would obviously be an ideal solution to optimize the image contrast while reducing the applied dose, this procedure is unfortunately not chemically possible for most interesting radiotracers.

Nanotechnology has gained significant interest in the biomedical field and the use of nanomedicine for both therapeutic and diagnostic applications has increased exponentially.[@b7-ijn-10-6293] Nanomaterials have unique physical properties that allow them to be used as imaging probes to specifically target and sensitively identify diseases areas,[@b8-ijn-10-6293] and potentially improve the biodistribution and pharmacokinetic of the nanocarriers.[@b9-ijn-10-6293] Over the last decade, several nanoparticle formulations have been developed for radionuclide imaging with the aim of enhancing the sensitivity and identification of specific targets.[@b10-ijn-10-6293],[@b11-ijn-10-6293] Therefore, nanocarriers loaded with radionuclides may offer an elegant and novel possibility for harnessing this promising technology.

Furthermore, additional radioactive isotopes, excluded until now because of their chemical properties or long lifetime, such as isotopes with advantageous γ-decay properties, may become usable. One such isotope is sodium-22 (^22^Na), which decays by positron emission and emits a third γ-ray with 1,275 keV energy in addition to the two 511 keV γ-rays. The physical principal of triple γ-ray PET imaging has been recently discussed.[@b12-ijn-10-6293] The three quanta can uniquely allow determining the location of the emitting nucleus in 3D with reduced background and increased sensitivity. Thus, the measurement time and/or the applied activity can be reduced drastically.

However, the extremely long lifetime of ^22^Na (half-life \[T~1/2~\]= 2.6 years) has excluded the administration of this isotope to living species. Loading ^22^Na with biocompatible nanocarriers, and optimizing their biodistribution, fate, and clearance by controlling their size, surface coating, and charge, will offer a new life for this radioisotope by successfully accomplishing the proposed approach. Grafting antibodies or selective targeting agents to ^22^Na-loaded nanocarriers can additionally provide a unique and innovative way to mark selectively specific cells with these nano-radiotracers, and ultra-sensitive and fast 3D imaging will become possible for biomedical investigations. On the other hand, with its long lifetime, onsite generators or cyclotrons will not be required as ^22^Na can be easily stored in the nuclear medicine department and be used on-demand.

Among the wide range of nanoscale materials being investigated for biomedical applications, silica nanoparticles (SiNPs) possess amazing advantages, including straightforward synthesis, relatively low cost, extremely high stability in organic solvents, and easy surface modification. In addition, SiNPs are usually considered to have low toxicity. They have been used for many applications, including in cosmetics, foods, medical diagnosis, cancer therapy, and drug delivery.[@b13-ijn-10-6293]

The purpose of this study was to investigate, for the first time, the possibility of using radioactive ^22^Na for pre-clinical applications by efficiently loading with silica-based nanocarriers. Noninvasive PET imaging, in vivo biodistribution, and biocompatibility of the intravenously injected nanocarriers to the mice model were longitudinally assessed in a 1-month follow-up study.

Materials and methods
=====================

Sodium-loaded SiNPs design
--------------------------

SiNPs (ie, silicon dioxide: SiO~2~) with a diameter of 300 nm were obtained from Micromod Partikeltechnologie GmbH, Rostock, Germany. Unless otherwise specified, all the chemical materials were purchased from Sigma Aldrich, MO, USA.

In order to prepare the crown-ether-conjugated SiNPs, an amino arm was first introduced using 3-aminopropyl-triethoxysilane. The resulting SiO~2~-NH~2~ construct was then reacted with succinic anhydride in pyridine to introduce a carboxylic acid functional group. After activation of the surface of carboxylated silica particles with *N*,*N*′-dicyclohexyl carbodiimide in chloroform, crown ethers (ie, 4-amino-benzo-15-crown-5) were conjugated to the nanoparticles surface via amide bonds ([Figure 1A](#f1-ijn-10-6293){ref-type="fig"}).

^22^Na radionuclide with an initial radioactivity of 2 mCi (74 MBq) was purchased from PerkinElmer, MA, USA, as sodium chloride (^22^NaCl) solution in water. ^22^Na encapsulation was performed by incubating 1 mg of the crown-ether-conjugated SiNPs, at room temperature for 30 minutes, with ^22^NaCl suspension diluted at various activity levels (25, 50, 100, or 200 μCi). Triethylamine base (1 μL) was added to the mixture to prevent protonation of the oxygen atoms in the crown ether. Finally, the nanoconjugates were washed two times with deionized water following centrifugation for 15 minutes and the loading efficacy was quantified using the G4-W γ-counter (Gamma Products Inc., Palos Hills, IL, USA).

### Nanocarrier characterizations

#### UV--Vis analysis

UV-Vis spectrophotometer analysis was performed using a BioTek Epoch 2 multiplate reader (BioTek Instruments, Inc., Winooski, VT, USA) to measure the loading of 4-amino-benzo-15-crown-5 on the SiNPs. The absorbance spectra (optical density) were measured at 298 nm to quantify the difference in the crown ether concentration in the supernatant before and after reaction with the carbodiimide-activated nanoparticles.

#### Size distribution and surface charge

The mean diameter of crown-ether-conjugated SiNPs and the zeta potential based on dynamic light scattering to determine the electrical surface charge of the nanocarriers before and after their conjugation were measured using a Zetasizer Nano ZS90 (Malvern Instruments, UK) with a particle concentration of 1 mg/mL in ultrapure water at 25°C. Results were expressed as zeta potential (mV) or mean diameter (nm) ± standard deviation on an average of three measurements.

#### Energy dispersive X-ray analysis

Energy dispersive X-ray spectroscopy analysis of crown-ether-conjugated SiNPs was performed before and after encapsulation of non-radioactive sodium (NaCl solution) with a DSM960 scanning electron microscope (Carl Zeiss, Oberkochen, Germany).

### Experimental protocol

All animal procedures were performed in accordance with the National guidelines for the care of laboratory animals and the study was approved by the Ethical Committee of the College of Applied Medical Sciences (agreement number: CAMS06/3334). Female Balb/c mice (6 weeks old) used in this study were housed in a protected environment in a temperature-controlled ventilated cabinet and given free access to sterilized food and water on a 12-hour light/dark cycle.

Mice were intravenously injected with 100 μL suspension of either free ^22^Na (^22^NaCl solution) or ^22^Na-loaded SiNPs (^22^Na-SiNPs) at a concentration of 100 μg per mice with a corresponding radioactivity loading of 10 μCi. Noninvasive PET imaging, biodistribution, and biocompatibility were then assessed in a longitudinal follow-up study for up to 1 month following intravenous injection (n=6/group/time point). A group of mice (n=3/group/time point) was kept in isolated metabolic cages (Tecniplast, Buguggiate, Italy) and the urine and feces were collected separately.

### Noninvasive PET imaging

Mice were imaged using a small-animal PET R4 rodent model scanner (Siemens Healthcare, Erlangen, Germany) at 5 minutes, 4 hours, 24 hours, 48 hours, 72 hours, 1 week, 2 weeks, and 1 month following ^22^Na or ^22^Na-SiNPs injection under 1.5%--2% isoflurane anesthesia. Images were reconstructed by a two-dimensional ordered-subsets expectation maximization algorithm. No background correction was performed. Regions of interest were drawn over the liver, spleen, kidneys, and lung. The radioactivity concentration within regions of interest were obtained from the mean value within the multiple organs of interest, averaged on three consecutive slices, and then converted to the percentage of injected dose per gram (%ID/g).

### Biodistribution evaluations

Following PET imaging at 24 hours, 72 hours, 1 week, and 2 weeks, animals were sacrificed by overdose anesthesia and the blood, liver, spleen, kidneys, lung, and heart were harvested. Tissue samples were accurately weighed, and ^22^Na radioactivity was quantified using the γ-counter and expressed as %ID/g.

In another set of animals, blood, tissue samples, and collected urine and feces were mineralized in 2 mL ultra-pure nitric acid (Panreac, Barcelona, Spain) and digested in a Mars6 Xpress microwave digestion system (CEM, NC, USA). Silicon content was then sensitively quantified using an inductively coupled plasma-mass spectrometry (ICP-MS) (Aurora M90, Bruker Daltonics, MA, USA) and reported as microgram of Silicon per gram of tissue (μg Si/g).

Data obtained from both radioactivity measurements and silica quantifications using the ICP-MS were linearly fitted and statistically correlated.

### In vivo biocompatibility assessments

#### Oxidative stress evaluation using TBARS assay

The ability of the developed sodium-loaded SiNPs to cause an increase in oxidative stress with an estimation of lipid peroxidation using the thiobarbituric acid reactive substances (TBARS) assay (R&D Systems, Inc., Minneapolis, MN, USA) was assessed as per the manufacturer's instructions on plasma and liver tissue cell lysate samples at different investigation time points following injection. All experiments per condition and time point were conducted in triplicates. Blood samples were stored in heparin vacutainer tubes. Samples were centrifuged for 15 minutes at 1,000× *g* and plasma samples were collected and immediately analyzed or stored at −20°C until further analyses. For obtaining cell lysates from tissues, liver biopsies were minced, the filtrates were collected and treated with cell lysis buffer for 30 minutes. All cell lysate samples were centrifuged before processing for oxidative stress assessments. Plasma and cell lysate samples were incubated with acid reagent for 15 minutes. The samples were centrifuged and supernatants were treated with 2-thiobarbituric acid (TBA) reagent and incubated for a further 2--3 hours at 45°C--50°C. The absorbance of the samples was measured through optical density measurements at 532 nm using the BioTek Epoch 2 multiplate reader.

#### DNA damage assessment (comet assay)

Comet assay was used as a simple and effective method to assess the possibility of the developed nanocarriers to cause DNA damage in blood and liver tissues. Peripheral blood mononuclear cells from blood and cells isolated following mincing of liver tissues were prepared for comet assay as per the manufacturer's protocol (R&D Systems, Inc.). For liver tissue, small pieces were minced finely and cell suspensions were recovered in phosphate buffered saline. Cells from blood and tissue samples were counted, pelleted, and re-suspended at 1×10^5^ cells/mL in ice-cold phosphate buffered saline. Cells were immobilized in low melting agarose, lysed with lysing solution for 1 hour, immersed in alkaline unwinding buffer for 20 minutes, and electrophoresed at 21 V for 30 minutes. Slides were fixed before sliver staining. The cells were observed under an Olympus BX53 microscope (Olympus Corporation, Tokyo, Japan). Data for DNA damage were presented as mean ± SD (μm) for an average of 100 cells. In the case of DNA damage, the denatured and cleaved DNA fragments migrate out of the cells in the presence of electric potential as a "comet tail", while undamaged DNA remains within the cell membrane as the "comet head".

### Statistical analysis

Data presented as the mean standard deviation were analyzed by *t*-test using SPSS v12.0 (SPSS Inc., Chicago, IL, USA) software. *P*-values \<0.05 were considered significant for all tests.

Results and discussion
======================

SiNPs characterization and sodium loading efficacy
--------------------------------------------------

SiNPs were successfully conjugated with crown ether. The density of 4-amino-benzo-15-crown-5 on the SiNP surface, quantified by measuring the disappearance of crown ether in the supernatant before and after conjugation with the activated nanoparticles using a UV-vis spectrophotometer at 298 nm, was found to be 50 nmol per mg of nanoparticles. Crown-ether-conjugated SiNPs were found to have a hydrodynamic diameter equal to 289.9 nm ([Figure 1B](#f1-ijn-10-6293){ref-type="fig"}). The surface charge (zeta potential) increased from −42.1±0.6 mV before to −0.18±0.1 mV after crown ether conjugation, confirming the successful binding of the crown ether with a close to neutral surface charge.

SiNPs were preferred in the current study to validate our approach of sodium complexation due to their relatively good biocompatibility from one side[@b13-ijn-10-6293] and their high solubility in organic solvents allowing stable conjugation of the amino-benzo-crown ether from the other side. Gokel et al have reviewed the importance of the crown ethers as molecular sensors for ions, molecular scaffolds, and complexing agents.[@b14-ijn-10-6293] Apart from their high affinities for alkali ions such as sodium, crown ethers were reported to help forming stable complexes and inhibiting materials aggregation.[@b15-ijn-10-6293] 4-Amino-benzo-15-crown-5 was preferred for selective and efficient sodium complexation.

Energy dispersive X-ray analysis confirmed the encapsulation of sodium with the presence of characteristic peak observed at 1.04 keV ([Figure 1C](#f1-ijn-10-6293){ref-type="fig"}). Quantification of radioactive ^22^Na encapsulation by the crown-ether-conjugated SiNPs revealed a labeling efficiency of 86.7%±1.0%, 94.7%±1.2%, 98.1%±1.4%, and 58.3%±0.9% following incubation with ^22^Na diluted to 25, 50, 100, and 200 μCi, respectively. Addition of triethylamine base was crucial to obtain high loading efficacy by preventing protonation of the oxygen atoms in the crown ether.

Noninvasive imaging and in vivo biodistribution
-----------------------------------------------

After characterizing the ^22^Na-loaded crown-ether-conjugated SiNPs, a single dose of 100 μg suspended in 100 μL and having a corresponding 10 μCi radioactivity dose, was intravenously injected to each mouse. PET imaging was performed to monitor their biodistribution in mice and compared to free ^22^Na (^22^NaCl solution) diluted to the same radioactivity level. We intentionally preferred a relatively low dose of nanoparticles equivalent to 5 mg/kg and low radioactivity dose as one of the advantages of our approach was that the radioactivity level of loaded ^22^Na remains stable during a 1-month investigation study. Intravenous injection was preferred as it gives direct access to the blood circulation and thus a rapid distribution all over the entire body.[@b16-ijn-10-6293]

Following intravenous injection, ^22^Na-SiNPs were successfully detected using a noninvasive PET scanner ([Figure 2A](#f2-ijn-10-6293){ref-type="fig"}). Quantitatively, a transient accumulation in the liver and to a lower extent in the kidneys, spleen, and lung were detected 5 minutes postinjection with %ID/g corresponding to 22.35%±3.21%, 8.43%±1.92%, 11.44%±2.81%, and 4.12%±1.58% in the liver, spleen, kidneys, and lung, respectively. Interestingly, signal in the liver progressively decreased in a time-dependent manner to become not visibly detectable in PET images starting from 2 weeks postinjection. The transient accumulation of ^22^Na-SiNPs in the kidneys reached its maximum at 24 hours time point and then gradually decreased to become not detectable starting from 2 weeks. However, no signal in the spleen and lung was detected starting from 1 week postinjection of SiNPs loaded with ^22^Na.

On the other hand, free ^22^Na injected as ^22^NaCl solution ([Figure 2B](#f2-ijn-10-6293){ref-type="fig"}) revealed a higher transient accumulation in the kidneys with 31.22%±3.08% and to a lower extent in the liver with 18.33%±3.52% at 5 minutes time point. While the signal arising from free ^22^Na gradually decreased in a time-dependent manner in all groups, it remains clearly detectable in PET images in all organs of interest even after 1 month postinjection.

Following PET imaging at 24 hours, 72 hours, 1 week, and 2 weeks, ^22^Na radioactivity was ex vivo quantified in the blood, liver, spleen, kidneys, lung, and heart using the γ-counter ([Figure 3](#f3-ijn-10-6293){ref-type="fig"}). Overall, quantification of %ID/g in the liver, spleen, kidneys, and lung confirmed noninvasive PET readouts with a transient accumulation in the liver, spleen, and kidneys and to a lower extent in the lung and heart. ^22^Na-SiNPs gradually decreased in a time-dependent manner to be fully eliminated starting from 2 weeks postinjection, while free ^22^Na were still detectable even after 1 month postinjection. Radioactivity quantification in the blood revealed 36.67%±2.68% and 38.78%±1.32% of ^22^Na-SiNPs injected dose detected at 24 hours and 72 hours, but then significantly decreased to 1.49%±0.98% and 0.13%±0.03% at 1 week and 2 weeks investigation time point, respectively. In mice group injected with free ^22^NaCl, 17.18%±0.97% of %ID/g was still present in the blood at 1 week postinjection.

After assessing the biodistribution of ^22^Na-SiNPs using noninvasive PET and γ-counter quantifications by measuring the radioactivity arising from the radioactive ^22^Na tracers, the biodistribution of SiNPs was further assessed by sensitively measuring Si content in the different samples using ICP-MS and compared to control mice injected with physiological saline (0.9% NaCl) ([Figure 4A](#f4-ijn-10-6293){ref-type="fig"}). The advantage of ICP-MS is that the organs are normally digested for analysis, which allows direct measurement of the atomic composition of organs.[@b17-ijn-10-6293]

Compared to intrinsic Si content in control mice, ICP-MS revealed a statistically significant increase in SiNPs present in the blood, liver, spleen, and kidneys, and to a much lower extent in the lung and heart, at 24 hours and 72 hours postinjection. However, Si content regained control values and become non-statistically significant starting from 1 week postinjection (*P*\<0.05).

Correlating by linearly fitting data obtained using the γ-counter and ICP-MS revealed an excellent coefficient of determination *R*^2^ ranging from 0.92 to 0.99 for the different investigated organs of interest ([Figure 4B](#f4-ijn-10-6293){ref-type="fig"}). The high *R*^2^ values suggested that encapsulation of ^22^Na within the crown-ether-conjugated SiNPs remained stable, at least until the nanocarriers reached the different organs of interest during the first hours following intravenous injection.

Finally, the cumulative percentage of SiNPs eliminated from the body was assessed in urine and feces collected from mice at different investigations time points by quantifying Si content using ICP-MS ([Figure 4C](#f4-ijn-10-6293){ref-type="fig"}). Results showed that 22.9%, 68.7%, 91%, and 99.8% were eliminated in 24 hours, 1 week, 2 weeks, and 1 month postinjection, respectively. Thus, SiNPs accumulated in the organs were cleared from the body within a period of 2 weeks and completely in 1 month.

Several parameters such as size and surface characteristics (ie, coating, charge, shape, etc) were reported to affect the biodistribution, pharmacokinetics, and bioavailability of the nanoparticles. Nanoparticles for therapy need to have a long retention time for targeting and therapy.[@b18-ijn-10-6293] By understanding these parameters, nanoparticles can be designed for improved circulation and targeted delivery, thus creating more efficient and safe therapeutic and diagnostic probes.[@b19-ijn-10-6293]

For example, Decuzzi et al have evaluated the effect of particle size and shape on the biodistribution of SiNPs having 0.7--3 μm diameters. The particles were primarily retained by reticuloendothelial system organs such as the liver, spleen, and lungs. As the nanoparticles size decreased, a greater percentage was more retained in the liver.[@b20-ijn-10-6293] Cho et al have also assessed the impact of size on tissue distribution and elimination of intravenously injected SiNPs having 50, 100, and 200 nm diameter. As size increased, more nanoparticles were trapped by macrophages before being cleared via urine and bile and fully eliminated in 4 weeks.[@b21-ijn-10-6293] Besides, Yu et al examining the effect of surface charge showed that amine surface modification reduced lung accumulation but resulted in increased liver and spleen accumulation.[@b22-ijn-10-6293]

On the other hand, the same parameters that affect the biodistribution of nanoparticles are known to play an essential role in the toxicity of nanoparticles. However, the effects of these parameters were not yet fully understood in vivo. For prospective pre-clinical applications, the biocompatibility of the developed nanocarriers was evaluated.

In vivo biocompatibility assessments
------------------------------------

### Oxidative stress evaluation (TBARS assay)

The possibility of SiNPs to induce oxidative stress in blood and liver were assessed by estimating lipid peroxidation via the release of malondialdehyde and measured using the TBARS assay. Assessments were performed over a range of seven investigation time points from 4 hours until 1 month. A significant increase in oxidative stress in plasma samples was evident at 24 hours and 48 hours following nanoparticles injection. However, the levels reached normalcy from 72 hours and remained comparable with no statistically significant differences at 1 week, 2 weeks, and 1 month. Since liver is the major organ for clearance of nanoparticles, a significant and expected increase in oxidative stress was observed from 4 hours and at 24 hours and 48 hours postinjection of SiNPs ([Figure 5A](#f5-ijn-10-6293){ref-type="fig"}). However, similar to plasma samples, the increases in lipid peroxidation at early time points (ie, up to 48 hours) gradually decreased to become statistically comparable to control values after 72 hours. The transient increase in lipid peroxidation at early time points in both plasma and liver samples indicated that the synthesized nanoparticles might cause initial increases in oxidative stress. However, this level of increase can easily revert to normal levels over a short time period and remain stable throughout the remaining investigation time points up to 1 month.

### DNA damage assessment (comet assay)

To investigate the effect of SiNPs on DNA damage, a comet assay analysis was performed on cells from blood and liver. In blood cells, DNA damage was identified at early exposures of 4 hours (0.085 μm, *P*\<0.05) and 24 hours (0.091 μm, *P*\<0.05). However, starting from 48 hours postexposure, no statistically significant increase in DNA damage was tabulated across all the remaining time points (48 hours: 0.086 μm; 72 hours: 0.084 μm; 1 week: 0.079 μm; 2 weeks: 0.067 μm; 1 month: 0.063 μm).

The DNA damage in liver cells corresponds to the results of oxidative stress. A significant increase in comet tail lengths was observed at 4 hours (0.127 μm, *P*\<0.05), 24 hours (0.131 μm, *P*\<0.05), and 48 hours (0.137 μm, *P*\<0.05) while no significant increase was detected after 72 hours (72 hours: 0.094 μm; 1 week: 0.089 μm; 2 weeks: 0.084 μm; 1 month: 0.078 μm) compared to control group receiving NaCl ([Figure 5B](#f5-ijn-10-6293){ref-type="fig"}). A significant decrease in the level of DNA damage was observed at later time points starting from 48 hours in blood and 72 hours in liver cell samples.

Corroborating oxidative stress and DNA damage evaluations have thus confirmed the safety of the SiNPs used in the current study.

Conclusion
==========

The extremely long half-life of 2.6 years have limited the use of ^22^Na for biomedical applications even with its outstanding chemical properties ideal for noninvasive nuclear imaging. We have proposed in the current study to load ^22^Na with crown-ether-conjugated SiNPs and therefore the biodistribution and clearance of ^22^Na radiotracers will be driven by the nanocarriers.

SiNPs with 300 nm and neutral surface charge were successfully loaded with ^22^Na with a loading efficacy of up to 98.1%±1.4%. Following their intravenous injection, noninvasive PET imaging was performed to monitor their biodistribution in mice and compared to free ^22^Na in a 1-month longitudinal study. A transient accumulation of ^22^Na-SiNPs was detected in the liver and to a lower extent in the spleen, kidneys, and lung. However, the signal gradually decreased in a time-dependent manner to become not detectable starting from 2 weeks postintravenous injection. These observations were confirmed ex vivo by quantifying ^22^Na radioactivity using the γ-counter and Silicon content using the ICP-MS in the blood and the different organs of interest. The high correlation between those results suggested that encapsulation of ^22^Na within the crown-ether-conjugated SiNPs remained stable, at least until the nanocarriers reached the different organs of interest during the first hours following injection. Quantification of Si content in the urine and feces revealed that SiNPs accumulated in the organs were cleared from the body within a period of 2 weeks and completely in 1 month.

Biocompatibility evaluations performed during the 1-month follow-up study to assess the possibility of synthesized silica nanocarriers to induce oxidative stress or DNA damage. Results revealed a transient effect during the first 48 hours but at a level that can easily revert and be stable over a short time period confirming the safety of SiNPs for pre-clinical investigations.

This study showed for the first time the possibility of safe administration of ^22^Na radiotracers by loading within crown-ether-conjugated SiNPs, which were eliminated from the mice body in 2 weeks based on the physicochemical characteristics of the synthesized nanocarriers. ^22^Na-loaded nanocarriers can thus provide an innovative diagnostic agent allowing ultra-sensitive PET imaging, on the other hand, with its long lifetime, onsite generators or cyclotrons will not be required as ^22^Na can be easily stored in the nuclear medicine department and be used on-demand. As future perspectives, these ^22^Na nanocarriers could be further conjugated with a specific targeting agent for a better diagnosis and therapy of cancerous or inflammatory diseases.
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![Sodium-22-loaded silica nanoparticles characterization.\
**Notes:** (**A**) Scheme of silica nanoparticles carboxylation and conjugation with 4-amino-benzo-15-crown-5. (**B**) Size distribution of conjugated silica nanoparticles. (**C**) Energy dispersive X-ray (EDX) spectroscopy analysis of crown-ether-conjugated silica nanoparticles before (upper panel) and after (lower panel) sodium encapsulation.](ijn-10-6293Fig1){#f1-ijn-10-6293}

![Positron emission tomography (PET) imaging.\
**Notes:** (Upper panels) Representative small-animal PET images of Balb/c mouse at (from left-to-right) 5 minutes, 24 hours, 72 hours, and 2 weeks postintravenous injection of either (**A**) sodium-22-loaded silica nanoparticles (^22^Na-SiNPs) or (**B**) free sodium-22 (^22^NaCl). (Lower panels) PET quantification (analysis of the percentage of injected dose per gram (%ID/g) in the liver, spleen, kidneys, and lung) following injection of either (**A**) ^22^Na-SiNPs or (**B**) ^22^NaCl. Data expressed as mean ± standard deviation, n=3 per group.](ijn-10-6293Fig2){#f2-ijn-10-6293}

![Ex vivo γ-counter radioactivity quantifications.\
**Notes:** Percentage of injected dose per gram (%ID/g) quantified in the blood, liver, spleen, kidneys, lung, and heart removed at 24 hours, 72 hours, 1 week, and 2 weeks postintravenous injection of either (**A**) sodium-22-loaded silica nanoparticles (^22^Na-SiNPs) or (**B**) free sodium-22 (^22^NaCl). Data expressed as mean ± standard deviation, n=3 per group.](ijn-10-6293Fig3){#f3-ijn-10-6293}

![Silica quantification by ICP-MS.\
**Notes:** (**A**) Si content (μg Si/g of tissue) in the blood, liver, spleen, kidneys, lung, and heart removed at 24 hours, 72 hours, 1 week, and 2 weeks postintravenous injection compared to control mice. (**B**) Correlation between values obtained by ICP-MS (μg Si/g) and radioactivity quantification using the γ-counter. Coefficient of determination (*R*^2^) values for linear correlation was reported for each organ. (**C**) Cumulative percentage of Si in the urine and feces collected at 24 hours, 1 week, 2 weeks, and 1 month postinjection of silica nanoparticles. \**P*\<0.05 vs control.\
**Abbreviation:** ICP-MS, inductively coupled plasma mass spectrometry.](ijn-10-6293Fig4){#f4-ijn-10-6293}

![Biocompatibility assessments.\
**Notes:** (**A**) Lipid peroxidation (TBARS assay) assessed on plasma and liver tissue cell lysate samples to evaluate the overall oxidative stress induced by silica nanoparticles at different investigation time points. Optical density of the samples was measured at 532 nm. (**B**) Comet tail length (μm) assessed on cells (average of 100 cells) from blood and liver cells samples to evaluate the possible DNA damage induced by silica nanoparticles at different investigation time points. Data expressed as mean ± standard deviation, n=3 per group. \**P*\<0.05 treated vs control (NaCl).\
**Abbreviations:** OD, optical density; Na-SiNPs, sodium-loaded silica nanoparticles; TBARS, thiobarbituric acid reactive substances; NaCl, sodium chloride.](ijn-10-6293Fig5){#f5-ijn-10-6293}
